(pre-ICME phase) to 2.25 × 10 25 s −1 (ICME sheath phase), during this time period. Two major ion escape channels are illustrated: accelerated pickup ion loss through the dayside plume and ionospheric ion loss through the nightside plasma wake region. Interestingly, the tailward ion loss is significantly increased at the ejecta phase. Both bow shock and magnetic pileup boundary (BS and MPB) locations are decreased from (1.2R M , 1.57R M ) at the pre-ICME phase to (1.16R M , 1.47R M ), respectively, during the sheath phase along the dayside Mars-Sun line. Furthermore, both simulation and observational results indicate that there is no significant variation in the Martian ionosphere (at altitudes ≲ 200 km, i.e., the photochemical region) during this event.
Introduction
Unmagnetized planets, like Mars, are especially susceptible to atmospheric scavenging because the solar wind can interact directly with the upper atmosphere due to the lack of an intrinsic dipole magnetic field. Mars has crustal remanent magnetic fields, the strongest of which exist in the Southern Hemisphere and longitudes between 120 ∘ and 240 ∘ E [Acuña et al., 1999] . The highly localized crustal fields, combined with a weaker gravitational field and larger orbital eccentricity than Earth, leads to its unique solar wind interaction with the Martian upper atmosphere in the solar system [C. F. .
On 18 November 2013, NASA launched the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, and it successfully went into orbit at Mars on 21 September 2014. The goal of MAVEN is to understand the structure and composition of the Mars upper atmosphere and ionosphere, the nature of Mars' interaction with the solar wind, the current rate of escape of gases into space, and the role played by the Sun and the solar wind in controlling their variability Jakosky et al., 2015a] . These results will allow a better understanding of the role played by escape to space in the changes in the Mars climate through time [Jakosky et al., 2015a; Lillis et al., 2015] . Meanwhile, various plasma models based on different assumptions, i.e., test particle model [Curry et al., 2014 [Curry et al., , 2015a ], multispecies MHD model , multifluid MHD model [Harnett and Winglee, 2006; Najib et al., 2011; Riousset et al., 2013 Riousset et al., , 2014 Dong et al., 2014] , and kinetic hybrid model [Modolo et al., 2012; Brecht and Ledvina, 2014] , have been developed and used to simulate the solar wind interaction with the Martian upper atmosphere and calculate the associated ion escape rates [Brain et al., 2010] . These models have also been used to place in context with the MAVEN observations [e.g., Curry et al., 2015b; Luhmann et al., 2015; Ma et al., 2015] .
Model and Inputs
We only briefly introduce the 3-D Mars multifluid BATS-R-US MHD code use in this paper because the model has been described in detail previously [Glocer et al., 2009; Najib et al., 2011; Tóth et al., 2012; C. F. Dong et al., , 2015 . By solving separate continuity, momentum, and energy equations for the four ion fluids
, and CO
, the MF-MHD code can simulate the interplay between the Martian upper atmosphere and solar wind. The MF-MHD code can capture the feature of asymmetric dayside ion escape plumes, which have been observed by MAVEN [Y. Brain et al., 2015] . The lower boundary of the code is set at 100 km above the Martian surface, where the O + , O + 2
densities are taken to be the photochemical equilibrium values [Schunk and Nagy, 2009] . The velocity u is set to satisfy a reflective boundary condition, which leads to approximately zero velocity at the inner boundary, as expected [Najib et al., 2011; Dong et al., 2014] . The model adopts a nonuniform, spherical grid with a radial resolution varying from 5 km at the lower boundary to 1000 km at the outer boundary (∼20 Mars Radii, R M ) and with (both meridional and azimuthal) angular resolution varying from 1.5 ∘ to 3 ∘ . The code is run in the Mars-Solar-Orbital (MSO) coordinate system, where the x axis points from Mars toward the Sun, the z axis is perpendicular to the Martian orbital plane, and the y axis completes the right-hand system. The computational domain is defined by
Given the high collision frequencies between different particle species, the plasma temperature is defined as T plasma ≡ T ion + T electron = 2T ion = 2T electron = 2T neutral at the inner boundary. The chemical reaction calculations include charge exchange, photoionization, and electron impact ionization [Schunk and Nagy, 2009; Najib et al., 2011; Dong et al., 2014] . We adopt the 3-D neutral atmosphere profiles from the Mars global ionosphere-thermosphere model .
In order to evaluate the Martian response to different stages of the ICME, we studied four cases corresponding to four successive orbits, from orbit 848 (O848) to orbit 851 (O851). Case 1 corresponds to the pre-ICME condition, Cases 2 and 3 correspond to the early and late sheath phases (solar wind density, velocity, and interplanetary magnetic field (IMF) strength all increase, but the late sheath phase has the greatest compression), and Case 4 corresponds to the ejecta phase (maintain the strong field and solar wind velocity in the sheath phase, but the ion density drops down). The upstream solar wind density and velocity are taken from the SWIA instrument average over the time period when MAVEN was in the solar wind. The interplanetary magnetic field (IMF) is based on the MAG measurements averaged over the same time period. Table 1 summarizes the parameters used for the four cases. It is noteworthy that the solar wind and IMF inputs for the MF-MHD code are based on the average over the time period listed in the second row of Table 1 , while the crustal field orientations are based upon the periapsis time of each orbit. We use the 60 ∘ harmonic expansion for the crustal magnetic field developed by Arkani-Hamed [2001] to describe the observed fields at Mars [Acuña et al., 1999] .
Results

Data-Model Comparison and Model Validation
In order to validate our model calculations, we first compared the MF-MHD simulation results with the MAVEN data. Since we ran four steady state cases, each simulation can produce the results along the MAVEN trajectories from orbit 848 (O848) to orbit 851 (O851). In Figure 1 , simulation results from different cases are shown in different background colors. The magenta line shows the ICME arrival time (∼15:22 UT). a The solar wind and IMF inputs are based on the average over these four time periods. Given that the case studies here are based on steady state simulations, we slightly modified the solar wind and IMF parameters (<5%, except the change of B IMF,z in Case 1 from −3.0 nT to −1.0 nT) in order to match the bow shock location. The solar wind variability makes the average values not necessarily the correct ones to use for our simulations, but overall the values listed above are close to the real solar wind and IMF data.
b The crustal field orientation is based on the periapsis time of each orbit. curves) with the SWIA (dotted blue line) and NGIMS (magenta circle marker) densities, which are in good agreement. It is noteworthy that SWIA has no mass resolution , so it cannot distinguish different ion species. In addition, only two orbits (O849 and O851) of the NGIMS ion densities were measured because the ion mode is turned on with the closed source mode (measuring, e.g., Ar, CO 2 , O 2 , NO, and He) on every other orbit [Mahaffy et al., 2014] . Figure 2 in order to demonstrate the little influence of different ICME phases on the model ion distribution (at altitudes ≲ 200 km, where the background ion density is very large) and its comparison with the data. Overall, the model results are consistent with the NGIMS data. The whole Martian ionosphere response to this ICME event, however, needs to be further investigated by a time-dependent simulation in a future study.
Ion Escape Plume and Ion Loss Rate
The multifluid MHD model can simulate the dayside ion escape plumes by considering the dynamics of individual ion species. The asymmetry is primarily caused by different Lorentz forces acting on each ion species. Combined with the generalized Ohm's law, the Lorentz force term in the ion momentum equations, n s q s (u s × B + E), can be reformatted, among which the term n s q s (u s − u + ) × B is the main force to accelerate the planetary pickup ions and cause an asymmetric ion escape plume in the plane perpendicular to the magnetic field vector ]. Here n s , q s , u s are the ion fluid number density, charge, and velocity of the species s, respectively. E (=−u + × B) and B denote the electric and magnetic fields, and u + = ∑ s n s q s u s ∕(en e ) is the charge averaged ion velocity. The pickup ion first accelerated by the electric field E =−u + × B and then deflected by the u s × B force, the ion reaches (at most) twice the solar wind velocity (u sw ) before turning ion density, solar wind density and velocity, and magnetic field using the NGIMS, SWIA, and MAG data. back and then being decelerated toward the cusp. Interestingly, it has been shown that a multifluid MHD model can partially reproduce some major features obtained with a hybrid code, such as the gyration of the planetary/cometary heavy ions and the associated pickup process [Rubin et al., 2014] . The characteristic spatial scale, ∼L g , associated with the asymmetry is controlled by the ratio m s u sw ∕(q s B) via dimensional analysis, at which the ion is fully picked up . In a kinetic particle model, this characteristic length is essentially the ion gyroradius [e.g., Dong et al., 2013; Curry et al., 2014] , but it may not be appropriate to use this terminology in a code based on the fluid description. The heavier the ions (note q s = e in the model and L g ∝ m s ), the more significant the escape plume. Recently, the ion escape plume has been observed and verified using MAVEN measurements [Y. Brain et al., 2015] . Y. estimated the O + escape rate through the polar plume to be ∼35% of the tailward escape and ∼25% of the total escape for energies > 25 eV. ) variation along the isosurface indicates that the ions escaping from the dayside plume can be accelerated to a higher speed (thus energy) than those escaping from the nightside plasma wake region (at a constant altitude). This physical picture is further verified in Figure 4 , where we plot both O + 2 ion velocity vector in the x-z plane and its speed along two selected U O + 2 streamlines. As shown in Figure 4 (both the velocity vectors and speed curves), the escaping ion originated from dayside ionosphere can be accelerated to a higher speed (along the solid red streamline located in the escape plume region) than those originated from nightside ionosphere (along the dashed blue streamline located in the nightside plasma wake region). Compared with the pre-ICME phase, the ion acceleration is more significant in the sheath phase (Figure 4 ). 2. To reveal two main ion escape channels: accelerated pickup ion loss through the dayside plume and "cold" ionospheric ion loss through the nightside plasma wake region. The word cold in this paper means that the energy is low. Detailed case studies on the response of pickup ions to this ICME event can be found in Curry et al.
[2015b] using a test particle code [Curry et al., 2014] .
Unlike previous studies [e.g., Najib et al., 2011; C. F. Dong et al., , 2015 , which assumed an idealized solar wind (U x component only) and IMF (56 ∘ Parker spiral), we adopted actual solar wind and IMF measurements from SWIA and MAG. The orientation of the ion escape plume in a multifluid MHD code is mainly in the E = −u + × B direction [Najib et al., 2011] . In Figure 3 , the dayside ion escape plume does not always originate from the geographical polar region; therefore, when the term "polar plume" is used, it is specified in the Mars-Sun electric field (MSE) coordinate system, where the electric field is always parallel to the z axis [Brain 10 .1002/2015GL065944 et Curry et al., 2015b; . Compared with the pre-ICME phase (Case 1), the density isosurface of O + 2 ion indicates that the ion escape is greatly enhanced during the ICME sheath phase (Case 3).
We summarize the calculated ion escape rates for all four cases by using a sphere with the radius equal to 6 Mars radii (r = 6 R M ) in Table 1 . ion losses are, respectively, increased by factors of ∼3.2, ∼14.6, and ∼11.1, which result in an increase in the total ion escape rate by a factor of ∼11, from 2.05 × 10 24 s −1 (Case 1, pre-ICME phase) to 2.25 × 10 25 s −1 (Case 3, sheath phase), during this time period. Figure 4 shows the calculated O + 2 ion number densities in the x-z plane. Inspection of Figure 4 reveals that the nightside ion escape is significantly increased in Case 3 compared to Case 1. The large fraction of tailward ion escape fluxes at the ejecta phase (Case 3) is mainly caused by two factors:
1. Compared with the pre-ICME phase (Case 1), the solar wind dynamic pressure was drastically intensified at the ejecta phase, leading to the largest solar wind proton density in the Martian upper atmosphere and the greatest compression of plasma boundaries (see Figure 5 ). 2. The IMF magnitude is significantly increased at the ejecta phase, thus the characteristic length, L g ∝ u sw ∕B, associated with the asymmetry is decreased (refer to the isosurface shape illustrated in Figure 3 ). We plan to adopt the approach described in Y. to estimate the ion loss through the dayside escape plume and the nightside plasma wake in a future study. 
Brain et al.
[2015] estimated a net ion escape rate of ∼2.5 × 10 24 s −1 by choosing a spherical shell at ∼1000 km above the planet with energies >25 eV over a 4 month MAVEN period. It is interesting to mention that our model calculations for the pre-ICME case (which is close to the nominal solar wind condition) are in reasonable agreement with the ion escape rate estimated from available MAVEN data and previous estimates using the Mars Express data [Lundin et al., 2013; Ramstad et al., 2015] during this relatively weak solar cycle. The ion escape rates of Case 1 are further investigated by using selected spheres with different radii in order to demonstrate that the calculated ion escape rates do not change to any significant degree once the radius of the sphere exceeds 6 R M (total ion escape rate, in ×10 24 s −1 , at a sphere of 3 R M : 2.22, 4 R M : 2.26, 5 R M : 2.12, 6 R M : 2.05, 7 R M : 2.04, 8 R M : 2.05, 9 R M : 2.06, 10 R M : 2.07; not listed in Table 1 ).
Variation of Plasma Boundaries at the Subsolar Region
Finally, we plot the pressure balance along the Mars-Sun line on the dayside for three case studies corresponding to three major ICME phases: pre-ICME phase (Case 1), sheath phase (Case 3), and ejecta phase (Case 4). Different pressures (the magnetic pressure, P b =B 2 /(2 0 ), the dynamic pressure, P dyn = v 2 , and the thermal pressure, P th =nk B T) are represented by different curves in Figure 5 (left column). The total thermal pressure, P th(Tot) , by definition is the sum of P th(SW) and P th(Iono) ; the latter peaks in the Martian ionosphere and is contributed by the planetary ions. It is noteworthy that in pre-ICME and sheath phases (Cases 1 and 3), the contribution of P B(Tot) to P total is negligible in the upstream of Martian bow shock. The contribution of P B(Tot) to Figure 5 . (left column) Pressure profiles along the Mars-Sun line (see top of the plot) on the dayside for Case 1 (pre-ICME phase), Case 3 (sheath phase), and Case 4 (ejecta phase). Different curves represent different pressures: the total magnetic pressure, P B(Tot) (dashed red), the total thermal pressure, P th(Tot) (dotted blue), the solar wind dynamic pressure, P dyn(SW) (dashed green), the crustal magnetic pressure, P B(Crustal) (dashed magenta), the solar wind thermal pressure, P th(SW) (solid cyan), the ionospheric thermal pressure, P th(Iono) (solid yellow), and the total pressure, P total (solid black). (right column) The solar wind proton density profiles (in cm −3 ) at altitude of 800 km for Cases 1, 3, and 4. P total in the ejecta phase (Case 4), however, cannot be ignored because of the strong IMF strength. Different from Case 4, P B(Crustal) increases dramatically near Mars (in Cases 1 and 3) due to the existence of strongly localized crustal magnetic fields, which helps the formation of strongly magnetized regions at Mars [Riousset et al., 2013 [Riousset et al., , 2014 .
By adopting the same approach in Najib et al. [2011] , the intersection of P dyn(SW) and P th(Tot) is defined as the bow shock (BS) location, and the intersection of P th(Tot) and P B(Tot) is defined as magnetic pileup boundary (MPB). The BS and MPB positions are indicated by the red arrows in Figure 5 . The bow shock location moves from x = 1.57 R M (Case 1) toward Mars at x = 1.47 R M (Case 3) due to the great enhancement of solar wind dynamic pressure. Compared with Case 3, the shock stand off distance, x = 1.47 R M , slightly moves away from Mars in Case 4 mainly due to the sharp decrease of the ion density at the ejecta phase. The position of the magnetic pileup boundary follows a similar trend as that of the bow shock at the subsolar region: it first moves from x cut = 1.2 R M (Case 1) to x = 1.16 R M (Case 3) and then slightly moves away from Mars and back to x = 1.17 R M (Case 4). The pressure balance in Figure 5 reveals the plasma boundary variations at the subsolar region during this event, but the behavior of these boundaries at the flanks may be different from those at the subsolar region.
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Figure 5 (right column) displays the solar wind proton density (in cm −3 ) at altitude of 800 km for Cases 1, 3, and 4. The largest density in Figure 5 (middle row; Case 3) indicates that the solar wind proton in the ICME late sheath phase can compress the boundaries downward more significantly than the other two cases, consistent with the results shown in Figures 4 and 5 (left panel). 
Conclusion and Future Work
In summary, we studied the solar wind interaction with the Martian upper atmosphere during the 8 March ICME event based on four steady state case studies. These four cases correspond to three major ICME phases: pre-ICME phase (Case 1), sheath phase (Cases 2 and 3), and ejecta phase (Case 4). Detailed data-model comparisons demonstrate that the simulation results are in good agreement with the MAVEN measurements, indicating that the MF-MHD model can reproduce most of the features observed by MAVEN, thus providing confidence in the estimate of ion escape rates from its calculation. The total ion loss is significantly enhanced by a factor of ∼11, from ∼2.05 × 10 24 s −1 (pre-ICME phase) to ∼2.25 × 10 25 s −1 (sheath phase), during this time period. The acceleration of O + 2 ions along the selected dayside and nightside (U O + 2 ) streamlines demonstrates that the planetary ions escaping from the dayside plume have a higher speed (thus energy) than those escaping from the nightside plasma wake region. Two major ion escape channels are illustrated: accelerated pickup ion loss through the dayside plume and ionospheric ion loss through the nightside plasma wake region.
When solar wind dynamic pressure is increased and the characteristic length (or ion gyroradius in a kinetic description), L g ∝ u sw ∕B, associated with the asymmetry is decreased, the ionospheric ion escaping from the plasma wake is significantly enhanced. Interestingly, by comparing all four simulation results along the same MAVEN orbit, we note that there is no significant variation in the Martian ionosphere (at altitudes ≲ 200 km, i.e., the photochemical region). Finally, both bow shock and magnetic pileup boundary (BS and MPB) locations are decreased from (1.2 R M , 1.57 R M ) at the pre-ICME phase to (1.16 R M , 1.47 R M ), respectively, during the sheath phase along the dayside Mars-Sun line.
MAVEN has provided a great opportunity to study the evolution of the Martian atmosphere and climate over its history. A large quantity of useful data have been returned for future studies. These kinds of data-model comparisons can help the community to better understand the Martian upper atmosphere response to the (extreme) variation in the solar wind and its interplanetary environment from a global perspective. Further investigation on this ICME event will be implemented by a real-time study using a well-validated multispecies MHD (MS-MHD) code , which is computationally cheaper than the MF-MHD code by neglecting the individual ion dynamics. Although the MS-MHD code cannot reproduce the dayside ion escape plumes, the simulation based upon a real-time study is able to calculate the time-dependent escape rates of each ion species and reveal more details on how boundaries (i.e., bow shock and MPB) and Mars' ionosphere responses to the solar wind vary with time during this event.
